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CFD METHODS FOR DRAG PREDICTION AND ANALYSIS CURRENTLY
IN USE IN UK

by
P. R. Ashill

SUMMARY

Computational methods developed in UK for the prediction of the drag of
aircraft components at subsonic and supersonic speeds are critically reviewed.
In many cases, the flow modelling isfound to be lacking in certain respects.
Despite this, however, the review suggests that these methods have a useful
function both in the early stages of aircraft design, when they may be used to
study differences in the drag of various shapes, and later in support of wind-

tunnel tests as a diagnostic tool and also to 'extrapolate' the data to ‘'full
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LIST OF SYMROLS
R wing mspect ratio R Reynolds number based on streamwise
chord
e{n) 1noeal atreamwise chord
wing planform area
™n drag coeffictent based on wing
plantnrm area T plane normal to free-streas vector
and downstream of aircraft
Cpin) local drag roefficient based on
local ehard 4 distance normal to the wing surface
Cig, drag cnefficiant basned on surface a angle of incidence
ATen
A incremental part of
CDcnul cowl pressure drag coefficient
(Pig 2h) n non-dimensional spanwise diastance
Che notional Arag coefficient per SUPFIXES
: aurface = Cp/2
BAL balance measured
Cpg drsg coeflicient based on frontal
area B body alone
Cr skin friction coelficient based f skin-friction component
on free stream dynamic pressure
P normal-pressure component
Cy, 11t coefficlient based on wing
planform area ™ trailing-vortex component
Cu pitching wmoment coefficient based v viscous or bd dary-layer p t
on wing planform area snd mean
chord, nose up positive w wave component
Cp preasure coeffjcient WA notional wing slone
drag - far upstream
» free stream Mach pumber
"y Mach number of the flow component
normal to and Jjust upstream of the
shock
1 INTRODUCTION

In the Technical Evaluation Report of the AGARD Conference on ‘Aerodynamfc Drag'
held at lgmir, Turkey in April 1973, it was concluded that 'a comprehensive drag predic-
tion method, valid for the main clasees of aircraft and based entirely on theory, is not
likely to be possidble for a long time to come'. Pifteen years later, the wholly theoreti-
eal prediction of aircraft drag to e satiefactory standard of accuracy 1s still not
posnible. However, this period has seen considersble progress in the development of flow
algorithme, notadly for transonic flows, and a redustion Iin the cost of computations of st
laast two orders of magnitude?,
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These developments have encoursged the increasing use of CPD in the design of
alrcraft from the preliminary stages, through the development phase, to pre-productton.
In the early stages, approximate CPD methods (.f inviscid methods) provide the project
engineer with simple tools for selecting suiteble designs. Later, during the development
phase, increased reliance is placed on more complex CPD methods, including, for example,
viscous effects. Combined with data from carefully-conducted wind-tunnel tests, these
methods ensble the designer to diagnose sources of excess drag and to predict the drag of
modified shapes. Used In thie way, the methods need only by reliadle in their predictions
of small drag differences and thus 1t 1s not necessary for the flow modelling to be pre-
cise so long as the main features of the flow are represented. At this stage CPD also has
an important aupporting role in the wind-tunnel tests for

(1) Establishing a basis for simulating full-scale flows in the wind tunnel and, where
necessary, extrapolsting the tunnel dats to full acale;

(11) Calculating tunnel wall and model support interference.

Although the second application is fmportant it {s indirect and 1s not considered
further in this paper.

Finally, before production, 1t is necesssry to guarsntee performance predictions
from prototype flight-test data, and, in this phase, CPD has s possible role $n the
interpretation of the flight test data. Again, however, this sspect is not discussed in
the paper.

This paper reviews current UK CPFD methods for drag prediction. Where possible, the
predictions are compared with measurement; otherwise results of calculations are included
to 1liustrate the use of the methods 1in alircraft design. Because of limitations on the
length of the paper the review 1s not exhaustive but it §s hoped that the paper gives the
flavour of UK activities 1in this fjeld.

Following a Adiscusejon of general aspects of drag prediction in section 2, the
paper ro:lews methodn for subsonic ajrcraft in section 3 and for supersonic aircraft in
section &.

2 OFNFRAL, CONSIDFRATIONS

Two alternative procedures are available for obtaining drag from CFD predictions,
as shown in Pig 1; the First or 'local’ method involves integration of the streamwise
contributions of the forcea due to normal pressure and skin friction; the second is a
'fleld’ method requiring an integration over a
plane normal to the fras atream and downstream of
the atreraft, *T*,

The sunceptibility of the 'local’ method to % (o » Co, * Loy
truncation errors is well known and results
obtained by this technique should always be I. G, * ‘?lly*(.lx tnormal pressure!

Methed 1 LOCAL

checked for the effect of grid spacing. The

‘field’ method may also be sensitive to grid den- soe

sity but, as yet, there {s little experience on *

which to base a judgement of this procedure. '.r’c:‘l'::cn Coy * %]"l(m {skin frichion)
L]

Investigating the drag of an aerofofil g

inferred from calculations by an inviscid Euler
code, Yu et al? showed that both the 'local’ snd
'field’ methods incorrectly gave non-gero drag for
& subcritical flow. Lock" attributed this problem ., yuuy yres

to the generation of mpurious entropy near the

leading edge. Thus it would appear that further Melhed 2 FELO
development of flow algorithms 1s needed defore

the 'fleld’' method can be used with eonfidence.

On the other hend, with possidble enhancements in

mind, 1t may de noted that the 'fleld’ method
unlike the 'local’ method, does not depend % G “i'”(‘ o .3:-(‘ ) :.-}’"
1

€1« shin frictien coufficient based on free-steesn
dynamic pressure

directly on details of the aircraft geometry and
may thue find an spplication to the prediction of

. 8.
the drag of complex configuration sulfie & relers to conditions

With the plene 'T' teken sufficiently far v ! far wpsiresn

downstream, the various terme in the ‘'field’

integral may be expanded in powers of the pertur-

bation velocities (non-Oinmiomlugd with Fig.\ Tve methods of deteraining drag

respect to free-stream speed). Lock ghowed that,

to an order of approximation that is adequate for -

subsonic transport sircraft st cruise conditions, this expression reduces to the classical
‘far f1ald’ {ntegral which can be Aivided into three components as shown in Pig 2.




Lock4 observed that the
drag components of wings could ORAG
be determined most convenlently
and accurately by releting flow
conditions at 'T' to those on or ‘

near the wing. The three drag
components are treated as follows:

(a)  Wave VORTEX niscous WAVt

On the reasonsble assuwmp~
tion that the flow downstream of
all the ghocke 1s isentropic and
adisbatic, wave drag o determined
by the reduction in total pressure
acroas each element of the shock
system. This statement has no
meaning for potential flows but
methods have been developed in UK
for inferring wave drag from
potential-flow solutions. A Fig.2  Far Tield smplysis of drag of wings ot svbsenic Speeds
method for serofolls at subaonic
free~stream speeds due to Bildling
and Bocc1 s, which has led to the development of the computer program known as MACRCONT,
relates each element of the shock to a Rankine-Hugoniot shock of the same strength, e
having the same Mach number normal to and just upstresam of the shock, My . Billing and
Boccl also assumed that the local flow 1a normal to the shock. This ption s reason-
able for inviscid flows at high subsonic speeds but, in viscous flows, where the inter-
action beween the shock and the boundary layer causes the shock to be oblique near the
aerofcil anrface, the method probebly overestimates wave drag.

This approach has been generaljsed to wing flows by Allwrights except that, in his
-;th:ﬂ, no assumptinna are made about the direction of the flow Jjust upstream of the
shock.

In cas=s where detalls of the flow field are not known or a rapid indicatfon of
wave drag is nesded, a simple method due to Lock4 is useful. In {ta two diwensional form,
Lock's approsch s =imilar to that of Billing and Bocci except that it uvees the sssumption
that the shock wave iles along the normal to the serofoil section contour. With this
assumption snd by retaining only the rfirst term in the Maclaurin expension with respect to
distance from the serofofl contour for the gradient of shock-upstream Mach number My
normal to the merofntl contour, Lock obtained the following expression for wave drsg

-
E! ~ Cpyc e 0,243 (.l 4 0.2“2)) ('“o DR - "NO) ()
q ky M

Bnofll + 0.2Myo)

Here M 1n free-stresam Mach number, &, 18 the looal curvature of the aerofoil
section at the foot of the shock, defined by the suffizx O , and q is free-stresm dyna-
mic pressure.

Equation (1) implies that, for & given value of MNyo , section wave drag in Lock's
spproximation depends only on the local radius of curvature 1/k, . This is an .
appropriate length scale so long as either (a) the serofoll curvature changes slowly
upstream of the ahock or (b) the height of the shock penetration into the field s swmall
compared with 1/ky . Thus for wings with both a surface curvature that changes repidly
with stceamwise distance and a atron? shock, Lock's method may be expected to give
ineccurate predictions of wave drag {esee section 3.2).

Since Lock's method utilises the assumption that the shock is norsal to the aero-
foll contour and is based on wing surface curvature, it does not include the effect of the
viscous/inviscid fnteraction between the boundary layer and the shock.

Lock modified egquation (1) to allow for wing sweep by using the assumption that, at
esch wing section, the flow fa identical to that over an infinite yawed wing having the
same sweap as the shoek.

The determination of wave drag from solutions of the Buler squations is less
straightforward than it ficst lgpccr-. As noted above, spurious entropy is invariasbdly
produced upstresm of the shock 'rom sreas such as the wing leading edge where there are
rapid changes in shape slong the wing chord. Thus wave @ caloculations based on'the
field method can be significantly in error. Attempts to fnfer the wave dreg from the

entropy rise across the shock are complicated dy numerical errors tn the region of xh.
ahock. Methods of dealing with this problem have been discussed by Sells? and Loek®,

(v) Vortex

In order to have sny ressonable prospect of calculating this component directly, it
19 neceasary to ignore the rolling up of the tralling-vortex sheet. Consideradle




simplification 1s also possible if the downward inclination of the sheet is ignored, the
resulting expression being the classical contour integral around the vortex trace in the
Trefftz plene. This wpproach is probably sdequate for high aspect-ratio winge at low to
moderate 117t* (Cp « O.E) but for low aspect-ratio wings 8t high 1ift it must be of
questionable accuracy.

(e) Viscous

In two-dimensional flows, viscous drag may be inferred from the solution for the
viscous wake far downatream but this would not seem possible for flows over finite wings
becsuse of complications arising from wake-edge conditions , Therefore, for wings, or if
an sccurate solution is not availadle for the viscous wake in two-dimensionsl flow, an
extended version of the Squire/Young formula allowing for compressibility and wing
sweep+® may be uned,

Unless otherwise stated, the 'rar-field' method is used in drag prediotions
discussed later. As shown in section 3.2, this simple framework for anslysis .ft.." to
be Justified for subsonic transport aircraft at crulse conditions. Por flows with power-
ful interactions between the viecous shear layers, the shock waves and the tralling vor-
tices, & decomposition of this kind is no longer valid and the scope for diagnostic
studies accordingly limited, PFurthermore, oversll drag would then have to be calculated
using either the 'local’ or field’ methods with all tgc difficulties that implies.

3 METHODS POR SUBSONIC AIRCRAFT
3.1 Aerofoils

Methods for aerofoils are viewed in UK as a first step towards the development of
satisfactory flow algorithms for wings and, as such, have been used to test ideas on
various aspects of flow modelling. sowever. aerofoll methods have progressed to the point
of being powerful design tools in their own right and sre currently used for tasks such
es:

(1) selection of wing sections;
(11) design of flaps and slats; and
(111) extrapolation of tunnel data to 'full scale'.

The majority of the methods currently in use in UK (Pig 3) are of the
viscous/inviscid interaction type in which calculation of the two parts of the flow is
performed interactively and iteratively to numerical convergence. A number of numerical
schemes are used, namely Direct (which is only suitable for attached flow),
Semi-Tnverse (SI} (which may be used for separsted , |oy.speed acthets
flows) and Quasi-Simultaneous (QS) (which is ALGORITHMS
equally effective Tor both separated and attached (0Dt |ORIGMATORS WNVIS(O gowwiMGl-  VISCOUS
flowe). Full details of these schemes are given "
in the review by Lock and Williame®, & SVP | Wlhas™ | Sewce panel —BH—  (Cmaibed 7

L]

In the remsinder of section 3.1, the < MDA :;":'. LU :‘..".’:;‘.’n
methods summarised in Fig 3 sre reviewed, methods Willeas % o Cross'®
for low speed (and high 1i1ft) being consideres in - . wethed for
section 3.1.1 end techniques for high subsonic LA Fille viement soite, merging vokes
speeds in mection 3.1.2. :':'"" """'":': 39'7- LE methed
3.1.1 Low speed %

UK methods for calculating drag end maximum
11ft of aerofolls at low free-stream speeds may be -speed metheds
summarirad as follnws: o fdte It

IsInAN thn b | atn o trens et = Lt mathed
(1) 81VP (Semi-Inverse _Viecous Progrem) s ook pash
serturbation egn.

This method!" e restricted to eingle aero-
fo:lu, -ngehn usrmu :uu:n:e u:u'!ll:l -nrsx
scheme, w a surface-singulerity technique for
the inviscid flow and integral methods for the A o o W""' LE methed
shear layers. The turbulent boundary-layers are o soitn, of "M"‘“-M"—
calculated by the lag-entrainment method!! while potentiol egn.

the laminar layers are computed using a
compressible version of Thwaites' method!?,

Purther allowence 1s made {n the turbulent v "
boundary-leyer calculation for n(w effect on ..lu" vox :':‘..,'ﬂ‘ L L] -— mm
friction of low Reynolde-number (ie a local value

of momentum-thickness Reynolds number, R, , lese BAe | Ove, Pogane| Fiite veiome

than about 1000). However, Ry 18 not allowed to 'x $ bom ::,.':.!*' -8 — ot
fall below 320 Just downstream of transition,

since this a nature] limit for & fully-developed

turbulent boundary-layer. In addition, the secon- % LE + Loy Entroinment

dary influence of {low curvature on turbulence
structure 1a included in tha 'leg’' equetion. Fig.3 UK. CFD methods for serofell drag prediction
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Pinally, the ntandard shaps-paramester relationship!! is replaced by one that is more
suitanle for neparstsd flows®. No allowance is made for the ‘higher-order' effects 1n the
Slreameins momentam squatinn due to normal pressure gradients and Reynolds normal
stresnes. The Iatter 'higher-order' effect, which ia the more important of the two, 1is
not tncluded hecaure corretations of 1t!3 are of doubtfTul validity for flows with exten-
atve reginna of reparation,

While the mrthod gives 10 Retew 10 (R 43« w0t /
close predictions of maximum 110t, (f ’ //"
as 1llustrated for two different 1w} / ™ } 2
asrofoils in F'g 4, 1t predicts / » ’ //
much lawer deag than that measured /o s
on the merofoll AA(W)-2 (Fig 5). kb s, uf
Thia Atacrepancy might he //.
explatned by resulta of calcula- f
tionm uh'rhyau!v,-n that the tran- 08 '//J === Inviscd (L "":"":: "
aition trips uxad in this ~ ] (:\’".“' N SllV’l.’ |
exprriment wears nnt adequate over a = SWP "W
the entire range of ifncidencena wr :
tented®. The neglect of the
Reynolds noarmal-strens term men- ° 2 A " ] . e i A " J
tinned ahove may alnn he ) N ’ 24 » [ I [] 2 W 20

ant ,
riFntfiean sl NACA A412 ® GAIWI-?

The visconn ‘package' in
this pregram has been written so Figh Variation of lift coefficient, (. with angle of incidente. a.
that (t can readily be coupled for two serofoils
with eather tnviacid methods, and
1t has slsc been nsed in the
FELMA and Pritish Aerospace (PAe)
Fuler cndas Aescrihed Iater, tOr

x

£11)  HILDA (Righ LLCt Deslgn and Analysis) :‘:1 |

Develnped tn raleniate Flows over multi-element *
arpoafatys, thin method!" yses the Direct coupling —~—] «
achema Al the narlfer MAVIATS (Mntiple Aerofoll M [
Vizcnyn Tteratfve Ryrtem) program hut has an improved
surfaccaaingnlarity methad for the (incompresaihle) - " s i A PR
tovicetd Clow!®,  Aa S SIVE, the turtulent boundary- 08 et [ (X} 88 12 14 10
Iayars and 1nalnted wakes are calenlated by the lag-
entrainment methed, 1~ allowance is mads for
‘highrv-nrdrr' offarta (n the atreamwiss mamentum Fig5 Varlation of Cp with T for GAIW)-2
equatlan bt A socercting Car the influence of Jow aerofoll, R o2 43 x %04

RegnnldAs numberr on turbylent rkin-friction js {ncluded,

Merping of the wakes Crom upstream elements with boundary layers 18 chlculated hy
the Intepral mathad af Trwin'? and mare racently by a method due to Croas!”,

Sines the Dirert acheme 13 used, the method falls where separation occurs and thus
fubhie seapaeat bann acenrring in re-sntrant or 'cove' reglons are empirically modelled.

Fredictiana of 117t and drag for a three- .
elemant acenfall are shawn in Fls >. The viecous- S —— -
frduend tosn In 110t te well predicted for angles 8e: 15 = !5 . 20°
of Jnetdrnce, A, up tn 20° but, at higher iyl
anglen, the {inw aeparates on the main aerofoil
and consequently the method fails. In Ref 9 1t is

arguesd that the pgnand agresment hetween calcula- Inviscid
tinne and meanurement at o - 20° 18 to some extent ~o-HADA
fortuitons, the 117t on the main aerofoll being o Experiment
oversstimated while the 117t on the other two ele-
menta (a underestimated, Wi
C
The nntimaten of drag are (ar less satis- ‘l. .
factnry eapscially as the stall ts spproached. As , fo"
well an the omirainn of 'higher order' effects b XY ¢ o ° /o
referred to ahove, porsihle reasons include the I
1ark of comprenaibhility effects in the calculation 1 ) °
of the i1nviscid Finw snd the 1nadequacy of the ’ ° [
mod=11ing nf the aernfoll wake in the region of I.IT '
high flow-enrvature above the flap. 1l #a
(111) FPELMA_(Pinite Element Multiple Aerofoil) 10} ‘/° jo
“ ok e A Y J A e J
As implied ahove, compressibility can exert ¢ 4 08 17 Woe20 Y o (p
a aignificant inflnence on Jow apeed (lows over .
multiple-rlement asrofoils at high 117t pear-
tirnlariy whers the flow acrcealerates to high
sperin 1neally, eg at the leading-edge slat. Fig 6 Variation of lift with angle of incidence and
'EI.HIH' repreonsnte eompreanihility in the inviscld drag for 3 multi-element aerofofl

finw hy antving the exact potantial equation




numerically by a Finite-element tschnique. As noted {revlously the viscous ahear layers
ars calroylated hy the method yased {n SIVP but, in contrast to fLoa or MAVIS, FELMA does
not represent the merging hetween wakes and boundary layers. The option 18 provided to
ura either S1 or QS cruplings, allowing flows with separation to be calculated. Of the

two schemas, QS 1a the more efficient, being faster than SI and not requiring a switch from
Pirect coupling fnr the attached portion of the flow to SI coupling in regions of
separation.

Comparisona of predictions by PELMA and

mearurements of lift and drag are shown in Fig 7 == = Iaviscd } FELMA
for the NLR 7301 asrofoll/flap configurations 1 Viscous

and 2. having, reapectivaly, flap gaps of 2.6% ©  Experiment

and 1.3% basic aernfall chord. The calculation of 40

maximom 137t 1a in reasonable accord with measure- ({ / d;7

ment for the largrr of the two flsp gsps but for
the smaller gap the maximim 110t {a oversatimated,
possibly because an ohserved fnteraction between
the asrafoll wake and the flep houndary layer is

(X
(X} 3

nat represented in FELMA. "t

While some eneccuragement can be drawn from "
the Arag predictiana in Fig 7, tt should be noted .
that the NIR configuratinne are somewhat idealired
11 that they 4dn nnt represent a 'cove' on the main 0 & 8§ 17 %_.10 [ BN 2 P LS [}
perafail, 1t remalus to he sesn il PELMA offers e °
Improved ancyracy nver that of HILDA for more Configuration 1 (2.A% gap!
practical rconfignrations where the merging of
wakes from upstrram elaments and houndary layers 007
may he an impoartant feature of the flow. %%‘

Nvarall, the prezent sttuation i1n UK aw 005
regards the pretleilon of drag of high-11ft sero-
frile fa nnt altopeiher satisfactory, There ars 904
reasapne t~ helteve flhiat this arises hecaumne of
Anfarta fn the madelling af the wake of the main 00l
aerncfall tn the rtepion of high flow-curvature 00
abknve e {1ap, In this reginn hath streamwise
anl rromewlenr prescure gradjents are large and !
henrn the rlnwl!hnrh ia’h'zhly ~l)liptie %n v n'J‘ 1 ¢rn u"“ ¢
character. Thu=s, {n nrder tn gohiteve the required Configuration ¥ (13% gap
arcupacy, 1t may be neresanary to ume one of ths fig 7 Lift and drag versus Intidentce, NLR two element
new genrratinn of methods for solving the (aerofoil/fiap) contigurations. R = 2.5 = 108,
RoynnidAs-averged, Havieps-3tokes esquation?®. How- W = 0185

ever, these mathni= wil) anly be able to provide
the nersssary sernracy T turhulence models are
beantd Wit age 3ttty m Wiphly-ripvad wataald

3.1.2 High speed

Recaune of the tmportsnce of being able to estimate accurately section drag for
transpart-type winps, smphasie har been placed In UK on the development and validation of
transonlea-fleow crfee (Fig 3). Mathods currently favoured include those based on the
assumptinn that the inviseld flow §8 potential and others in which the Euler equations are
vweed ¢+~ «imylare the *Ayter’ flow. .

(1) Methods using potential-fiow approximation

The ende VK71 has heen the mainstay of wing section design and analysis in UK for
over tern yoars, having supsrseded the transonic small-perturbation code VISTRAN?2, VOK
eouplen, in the Nrert way, 8 numerical anlution of the full-potential equation with
integra] methnda far the shesr layera, the laminar snd turbulent layers being calculated,
renpectively, by ‘Thwaiten method!?, extendsd to allow for compresaibility, and the lag-
entratnmant methadgt

In genrra), VGK given satisfactory predictione of drag for attached flows but,
wheye finw neparation 1A approached, the method underestimates drag by s significant
margin as ahown Jater, The cauae can he traced, in part, to the neglect of ‘higher order'
effertn 1n the afpenmwise momentum squation and in the matching between the viacous and
inviscla flows., A revined version of the program, known as BVOK, has therefore been deve-
loped!Y fnelnuding theae affacts together with corrections to the lag-entrainment method
eimilar to thome 1n SIVF described previously. (A slightly different ghape-psrameter
relationahty from that of SIVP tr used which ia considered to be sultable for flows with
tratling-adpgs anparatinn),

Drag (= caleulated fn BVOK by both the 'local’ and ‘far-field' methods. However,
for reasnons glven (n aection 2, the ‘far-field’ method s genereally preferred, and predin-
tirna af grag hy RVGK and VUK shown later have been obtained {n this way, using MACHCONT
Ar the aubhrontine far wave Arag.

Faample= of predictions h{ VK and BVAK of overall forces and pitching moment are
Shown tn Fig R far 2 gartes of 112 thick aercfolls with relatively-large resr loading.
Thimn fipure ia tavan from Aef 22 where Aatajla are given of the aernfollr and the wind

~
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tunnel measurements used in the assesament of CFD
methods. Here it suffices to note that, at the
lower of tEe two chord Reynolda numbers,
R = 6 » 10° flow separation is calculated by BVAK
to occur on the upper surface of three of the
aerofoilds, RAE 5225, 5230 anA 5234, the chordwise
go.lzlonl of the separstion point belnﬁ at 99%,

5% and 98%, respectively, for Cj, = 0.8, Hence
these flows present 8 challenge to CPD methods for
predicting drag.

P1g 8 reveals that the predictions of drag
b{ BVGK sre in good agreement with measursment for
flows with wesk shocks at both Reynolds numbers.
Therefore, by implicatior, BVAGK predicts sccurs-
tely the differences in drag between sections st @
glven Reynolds numbers and between Reynolds num-
ers for a given aection. The improvement in
.?ree-em. with seasurement compared with the pre-~
dictions by VOK s especially evident at
R = 6 » 10° where, as noted before, separstion 1s
calculated to oceur on the upper surface of three
of the aerofoils. Ilowever, the drag estimates by 4
BVAGK are less satisfactory where there 1s stgnili- TwinEn 0y
cant wave drag (Apyy > 0.001). Two poseible
explanations are given in Ref 23, one related to
the fsct that MACIHCONT assumes that the local flow e
38 normal to the shock wave aind the other to the
tendency for BVGK to underestimate the rear
loadlnf for flows wilh significant rear sepsration 02
{(notably RAE 523¢). A study of possible causes
for the Jatter effect au¥geats that the correction - L
to turbulence structure for flow curvature 1s of Fqt Lift ku"rc pitthing mement curves M 0735
douttful velidity for separated [lows and is pro- Roa g WL 20 W 117 . 00t RAE S230)
bably best ignored In such cases. The result of neglecting this correction is showu In
Fig B for RAE 5230, the modified calculation being referred to as -CURV. The improved
predictions of rear loading with -CURV lead to estimates of pitching moment aud drag at
the 'drag rise’' condition §n better agreement with measurement.

Rat
s

1]

A version of VUK 1s avallable with allowance for wing aweep. Known as SWVGK, this
method?% represents the influence of cross flow on the shear layers but does not {nclude
effects allowed for in BVGK, which are known to become important for unswepl aerofolls as
separation is approached.

The sccuracy of the predictions by this method and also by VGK and BVGK of d.iag
differences between sections and between Reynolds numbers have been studled by comparison
with data from a pane) wing aswept at 25°. In this sssessment, the effect of sweep on drag
1n VGK and BVOK §s allowed in a simple way as dfscussed in Ref 23 which aiso describes the
aeiofcl) se~tinns and the wind-tunnel tests. Here it msy be noted that (a) section drag
was determined by the wake-cake technique and (b) the wing was cylindrical, of aym-
metrical section and was tested at zero 1ift.

Comparisons are shown in Fig 9 between pre- P s&‘vnx
dictions and measurement for the difference in the -— BVGK
notional drag-coefficient per surface CDS = Cp/? 00 {apermant s
Me converged selvtion
between the two sections RAE 5237 and 5238 over » obtainsble from SWYOK
range of Mach numbers. These sections are related sbeve this Mach Ko lor

through calculated boundsry-lsyer characteristics ('" ’:’n'
close to the tralling edge to the unswept aerofoll s °lu‘ san - Wil
sectinns RAE 5225 and 5230 (see Pig 8). Of the LR

three methods, the best agreement with measurement (Y1)
is obtained with RVOK, suggesting that the effects 4o, ters-w
shown Lo be tmportant for unswept aserofoila as
separation 1s approached have s similar signifi- soen2
cance for wings of moderate sweep.
. A —_— L
The effect on the varistion with Mach M G
number of the drag coefficient Cus of changing oo
chiord Reynolds number from 6.5 » 106 to 14 « 106 30, nalew
fe shown in Pig 10. Again, the closest estimates Pyven
of this change are obtastned with BVGK and thie
figure taken together with Pig 8 shows that BVGK "
has a potentisliy-useful role in the extrapolation  se? e el e e
of wind-tunnel data to 'ful) scale', st least for
winga of moderate sweep and high aspect retio. . N L,
-‘\W (XL 0"
(11)  Methods based on the Euler equations Fig? Nelional dray per surface of RAL 5218
retabive 1o that of RAE 5217 swept
A code for the numerical solution of the panel model

Euler equations baseA orn Lhe finite-volume method

.

e
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of James~n et 817° has heen written at Ahe
Ftlton?®, Ts permit dAstalled comparismon with
experiment, allnwancs hamn been made for viscous
effecty via the method due to Williams!®

fe, using an S1 compling and including certaln e Yo
‘higher-order' affecta. Drag is computed using -
the ‘far-field' method, the wave drag being —— vk
tnferred From the loss in totsl pressure across o_Tsperiment
the ahneck {n the way sugpested hy Sells’. ir-n-sw:; '.'::'.T:m
"

Nnly limited romparisons with measurement
have bren pubifshed byt thene tndtcate that the $00¢ « KDylgy - KOsty
method gives accurate predictions of drag for the
seztions RAF 8225 anl 5210 at high Reynolds number (1]
(Fig 11). 8C0,

3

Rerently, 1181127 hps developed a multi-grid 1o

arheme for Relving the Fuler equatinong which when
combined with techniquea similar to those mer- 00004
tinned areve for anlving the shear-flow equations,
promises a methsd for ca)leulating viscous tran-

sonte flawe nunr anrafalla that can represent o e

Ah ek waves arcurataly while bheling nn mors costly - e J

to ran that RVAK " L1 L L A]
Tapn=trn?® haa desrrihed a method for

aclving the Reyr-ld-_qveraged, Navier-Stokes Fig 10 Differences Selween notional drag per

Attt Yapa o the trananante Claw aroand u-rnro;ln surface ol tye unit Reynolds numbers

which fa haeed ~n Lhe work of Weatherill et at Roa 6% = 10 and R+ 10« W RAL

frr miitipls aer~frile. In this method, Reynolda 23

rlrecnar ares modnlled paing the eddy~visconity

hyp~thenfa cambiued with an algebraje turbulence-

moYnl. Thue *the methied ta probably not reltabhie
fri predtirting Yeap Tar cacer with reglone of

caparArlen near thie tralitng edge siicrh Ar thnte
Arrtdarnd prectan-ly,
R, Wing=

HE mrtiode Cap wing= are efther inviseld or
Agn of the viercene Anviecid jnteraclion type. The
wiar e yerreione ~f tlsae mathinds ars not am
Ad.anced an three {ar gercfatla {n the treatment
of effects whi:-h are <ignifirant for flows that
are rlase t~ anpara‘inn and consequently cannot
yer predisr the drag ~f modern wings wilh the
acrnracy Asmanctrated in Figa 8 to 11. Oenerally, At S228
the virc~age veoreinne gee Dirsct coupling, although LR R

Rl reapltng te employed In an Aapppoximate way in san r — BAr Fuler melhod °
Aane mathead (aen Jatar), Neapite lacking the meriy- (0 © [eperiment

racy ~{ the asr~(~1] methnde, wing tachnlques,

eed witl, cagticr and etperiencs, are invaluabie LA .
atlde 1o decign, [roviding the factltity to 1dentify °o°°
and miglimicn thyen. timanninnal anyrcen of excess
Arap. '”‘J‘
r\§ 12 talylatea the methods, OC the panej i
matticde 29,030 00,00 e e to Fetrie'? (SFARV) " - i e —
[}) 3] " 0 e (3]

apprars 1o he thie maet yeed and ia the subject of
eontinying Neynlinopmant . Allowanece ia included in
thia methnd frr the sffact of wing boundary layers’3. .,
The favtn~1 tran=rnir, small-psrturbation method ( LR AL
af Alhane At a}'" with viseous affects incor- (n TEEE o
poratad ty Firmin ', (= arw Jargely supersedeq by o
the morn acecurate full-potential and Einler

methodn., The fall-patential methad of Forsey and

fare'® (FF) has been yand lor several ysars end ts
genarally regarded ax a gnod example of & method '”‘r
of this type, A versinn of the method, due to JF
Arthur,'? 1a avatiahie with allowsnce for viacous L, N N L, N N
effects (VFF). Finmlly, BAs Pilton have Voer (] " [} "o o
programmad s thres-d{menrional versjon of the
Fuler method roferrad tn §n section 3.1.2; 1in this
method?®  tha ahear jayers are caloulated on the
sssumptinn of plauar (low at sach streamwise sec-
tion with the manlution coupled to the inviscid-
flow anlvar by an 71 achismes,

Fig 11 Voristien of drag toelfuient with Kt
toeffaient. M o ¢73§

Few resulta of cnmparianne of drag predictions by these methords with wind-tunnel
etprrimen' are avallalide inr puhliestion, ant consequently the remsinder of the section i=
roncatnet with mathods of annlyaing the drag of wings from {nformation provided by the

PUSOP Y
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codes based on the clasaical 'far-field' approsch described 1n section 2.
lysis are presented to 1llustrate the power of this approsch in identifying sources of

excess drag.

An analysls of drag 1s shown for a
wing/body suitable for a transport afrcraft
comprising & wing of .lgect retio 8, with a
Jeading-edge sweep of 28° and a trnilln; edge
aweep outboard of the tralling-edge crank of 14°
(Pig 13). In addition, a study of wave drag is
presented for a wing repreaentative of that of a
subsonic combat-aircraft having leading and
tratling edge sweeps 39° and 15° and an sspect
ratio 3.3.

(1) Transport aircraft configuration

Compreher.aive CFD calculations are not
avallable for thia configuration and so the analy-
sis is performed using wing surface pressures
measured on & complete model®, Limited calcula-

ons o uin§ pressures for this configuration by
both the BAe?® and VPP?? codes have been found to
be 11 reasonable agreement with messurement (made
in the latter case on 8 related half model).

The form of analysis is illustrated in
Plg 14, The body-drag coefficlent Cpp is deter-
mined from tests on the body alone, thereby
svolding the difficulty of determining sting
Interference. MNole that, in chocsing the ordinate
for this figure, use 13 made of the fact that the
vortex drag is close to the minimum value for &
planar wing by subtracting from the drag coef-

2
CLBAI‘/'R- where AR

ficlent is wing aspect ratto
and suffix BAL refers to lurce-
bala.... measurement. The asmall

excess vortex-drag coefficlent.

. )
MpTV = Loty - CLT/eR

18 determined (rom the measured
span loadings using the classical
Treffz-plane method referred tc in
section 2. Two alternatjve
vortex-trace models have been con-
sidered, one allowing f~r~ the hody
in a simple way and the other
representing the trace as a planar
slit of the same span ae the wing,
The latter model wan chosen for
the snalysis on the basis that it
ylelds values of overal) 1i1ft §n
closer agreement with the balance-
measurrd values than those of the
other isodel. However, the excess vortex drags

iven by the two models do not differ by much
?ACD < 8.0002) suggesting thst, where overall
11ft 38 known sccurately [rom some other source
{(in this case the lorce balance), the drag
anslysis 1s not sensitive to the shape of the
vortex trace.

.

ty))

Calculated values of oCpry are shown 1in
Pig 15 plotted againast lift coefficlent for
various Mach numbers. Except where there fa a
rapid $ncrease in vortex drag with 1ift, the
excess vortex drag varies slowly with both 1lift
and Mach number, the sudden increase being attri-
buted to the loss 1in 11ft on part of the outer
wing following flow breskdown.

Except in special cases, the integrand of
the vortex-drag integral or 'locsl' vortex dresg
cannot be related to sectional drag; however there
is & direct relstfonship between 'local' vortez
drsg and span loading, and, in the present case,
the cause of the non-zero excess vortex-drag is
that the outer wing 1s relatively lightly losded
compared with the 1deal elliptic loading.

!
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An 18 well wnown, the vor-
tex drag of wings with non-planar
vortex tracer (eog wing/wingist
configurations) can be halow the
minimum for planar win%a of the
anme span, and a technique for
calenlating the minimum vortex
drag of non-planar configuration
has haan programmed by lsaancs'®,

As natad 1n sectlan 2,
viarnun dArap 1= Inferred Crom
boundary-layer quantities at the
trajlling edge nsing An saxtended
verslon of the Squire-Young

formila®. The turbulent bopndapry-
iayars are calrulated using the ° o LA AATTRN ‘ . *
meannread pressure dinrtributions ° 8 0 8 )l emn B

k]
and sn 'infinite tapered wing' gt Frresn verdes dog
versinn'd of the lag-entrainment method. Comparisons with the potentislly, wmore-accursate,
these_dimenginnal of Smith"® suggests that the ‘infinite tapered-wing®' method simulates
adArquataly thrae-Aimang{nnal -f%-rtn in the present case except close to the tip and the

rAnt

Typlea) mpanwise Aistriby- 0 4%
tinnn af lara] vixecnur-drap coaf- " ™«
fietent Cpypln) are Jlinstrated in Cntafen \\ ot
Fig )6, for N - 0 TR, The om
ralatively-jarge fnrreane {n laral e

viernna-drag raeflitotoant on the
eater wing an 111t coeffictient

fnereanas from O ND ta 0 (G {gq " -
fonetatent with the growih in frter om0t \\T;\\“\
shork airengtt with 110t aud the \\&:;\ -

® o
roangequent thitekening  Af the " X o
bagndnry layer town-tream of the §‘nm
shark on thie part ol the wing, Cuone
The magnitadne of the lnacal e
Aaontribyt tane t~ averall vigeous
dyag are Indi~atad fu Flg 1A by 1
Cuyl ¥ m(mF | whrra ¢ 1= Joeal . ~ -~ T ! o %
ajpeamwies ~Ahapd am) o~ ir
gonmat ric maan chined, fig i Spenvite variaten of vigrone drag Mz 478

In the ghrencr Al lowlleld

1Tnfrrmat ion, wave Arap haa bheen

crlenlated hy lork'e mathod“!'. 1t will he recalled from section 2, that, 1n this method,

the vartatisn ~f shork strength with distance normal to the wing surface is determined hy
wing atreamwice r~urvature and static pressure at A point Juﬁt upstream of the shock. This
je squivalent tn fgnaring the effect on flow curvature of the boundary layer and assuming
that the strenpth of the shnark in the field 1s unaffected by the varistion of surface cur-
vaturs along the rhord upetpsam of the shock. These aspects sre considered again in the

Apeand arampla in which thare {8 a rapld variation of streamwise curvature ahead of the
ah~cl Anopart of the wing, However, in the present cass, the curvature of each wing sec-
ti1an 1a rlone tn a mintmym in the region of the ahock.

Spanwica varfiatinna of the Jocal wave-drag
ronflfietent £t n) ealrylated by Lock's method are  Wep
ah~wi 1 Fig 17 tagether with_thie loeal contribu-

tlan 1o wave denp Fugl m)r(n)/€ for M = 0,78, The L

cant it lnan bn wave Arag of the part of the wing ——(0yal s W
tnteard of the tralling~edgs crank in seen to be wo =~ (Dylaiely) v W
ralativaly ama)l, with mnst of the whave drag orl-

ginating Crom a reglan jue! suthnoard of the crank, ¢

Anth 1nral viscous anAd wave Orsgs have been W0
fnlegrated meross the wing apan end have then been

romiiined with vartex deag and hody dreg as shown "
In F1g 1% to gtve overal]l drag., Comparisons bet-

ween ‘ealeyiated’ and meamursd overall drags sre "
shown in Fig 1R and indjcate thet, for suberitical
Flowr or {n (he reglon of minimum drag, the .
teplrnlateg’ drag roefficien: 1a lower than the

magqurad value by an amnunt which varies between ™
0.00NH At M = 0,6 and 0,0008 at M = 0.8, Mthou’h

tn lren good apgresmant with, measurement than BVO
Ja found tn bte for a asrien of serofolln (Fig 8),
theas antimates apre surouragingly close to
mearurament and show that the *far-field' method Frqg 17 Spanvise distribytion of mermpbised tocat
han 8 yaefag] rrle tn play fn the analysts of drag vare deoy coellicient, M ¢ 078

of wing/kady ronfignratione auitantle for tranaport

aireraft, A mtudy Af the ronrces of the
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dincrepanclen” suggents that the errors can be ° © Owroli-terce
largely explained hy flow (eaturea not represented pasrtiet
enmplately in the analysnjsn including: o / —_ﬁ::‘-':”ﬁ:."

*® lr — — Caievatey
{(n) wing/hody, bhoaundary-1ayer interferencs; i / Inciveing Lt
H ° o/ ey
{h} flow curvature and Reynolds normal atresses 1’ ° o/ °
in the turbulent shear layers; and L. %o, ° /
& e~ eeo » °
(e) tranattion-trip drag. f“._{:// °
w0 / 41
Fig 1R reveals that the differences between /

‘calrulated’ and mrasured drags decresse ar wave
drag increaanr far Mach tumbers in the range 0,7
to 0.8)1. The most likely explanation for this is
that fock's method overestimates wave drag, since
it in unlikely that the estimates of the other two
drag components herome more accurate ss shock
strength Increases. On the evidence of studles of
dnviacid, two dimensional flows 1t is stated in
Ref AN that eatimates by Lock's method are pro-
hahly within -10 to 308 of the correct value
except At Inw values of Cpy (< 0.0015) when 1t
crld ke up to 0.N00% tno high. No Airect evi-
dence 1n avallable on the effects of the boundary

layer or three-dimenrionalities in the flow. [3 e © ;
Howaver, mome comparimons have been made hetween wpZ oy 000 o
predictions by lack's mathod and those of [

Allwelght's Fleld methnd®, 1In each case based on, & o o7
calrulations by the FF method of Forsey and Carr [ 4 °{ 0o o ©° = ©
for the present configuratinon, These comparisons °
reaveal that threa-dimenainnal affectn are signifi- o o ©

r3N1 anly in the near vicinity of the tip (le wfe o 0 o o ©
within abhant ane nrr twn chords) and thua, overali, o

thetr Infiluence on wave Arag may he ignnred.

“( Q.I 0‘! 0‘! [ 0‘9 os olic‘“ ;l
(1t Combhat alrcraft wing Fig18 Comparison Between ‘caltulated and measvred drags

The nernnd configuration is an example of a wing design for which Lock's method -
at lenal in 1ts preaent form - i3 less reliable. The wing has been tested as a half mode)
with the nim af providiog fluid-dynamic data for the validation of CPD methods.
Nomparlenne ol predirtinns by VFI and messurements of wing pressure 4distributions are
dlecunand {n Ref Q. As part of this study, M. ¢. P. Firmin (RAF) has performed some
calruintionn of wave drag neing both Lock's 8nd Allwright's techniques. Results for local
wava-dArag are shawn in Fig 19. 0Outhoard of the shock bifurcation at n » 0,45 , Lock's method
18 seen tn give much Jarger velues of local wave-
drag than thnse of Allwright while, further
inboard, lnck's predictions for the rear shock are
flightly lower on average than Allwright's values.
An explanation for the former discrepancy 1e given
in Fig 70 which shows the varlation with distance
fram snd normal te the wing surface of shock-
upatrenm Mach namber,

Sheck let! o
wing swefoce

At A= DAY | le puthoard of the bifur-
cation, lnerk'a method predicts that the shock
ponntraten mich further into the field than 1
fndieated hy the mnre-acrcurate field methond of
Allwright. The reamnan for this is that the cur-
vature of the wing upper-surface increases ‘":.M
markrdly with Alstancs upatream nf the shock on ml
this part of the wing. Thus the flow curveture at
the ghnek tn the fisld {a affected (via the
ontgetng Mach characteriaticn from the uina sur- i .
face) and conanquently the rate at which N
changea wilh dintanee nnrmal tn the wing 1s
mod1f tad,

Fig 20 alno ghows that, close to the wing
surface, where the flow 18 strongly Influenced by
conditiong at the Fonl of the shock, there ia a
wmarked Alffersnce In the two predictions of the

vartatinn of My with distance from the wing. .

This discrepancy arimes from the neglect of the 7w N uyn
effect of the boundary layer on (a) the local flow Fig 1% Coleulation of vave drag by tve metheds,
curvaturs and (h) the inclinatinn nf the shock Ne 8 [ =002

rejative to the wing surfecas.
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tlerplits thess defictencies, Lock's method
in useful in providing a rapld indication of sour-
cer of mxcens drag hoth tn the early stages of the
wing design and latsr on as n diagnoatic tool
following wind-tunnel teats.

3.3 Bodies

Ferhaps the rirst UK attempt to usg,CFD for
the pradiction of bhody drag was by Myring who
employsAd a viscons/inviscid interaction technique
to calrulmte the anheritical fiow over axtsym-
metris bodjes at 7ero incidence. e represented
the Inviscid Clnw nvar the diaplacement surface of
the tody and ttie ahear layer by a rource-ring
methed and calenlated the viscous shear-layers by
integral methnds, coupling the two solutinns by a
Direct procedura,

Veing hin method, Myring was able to
design a 'Jow-d4rag’ body, ss illustrated in
Fig 71, where tt {a dfstinguished from a conven-
tinrnAal hady of thie name thickness ratio in having
o prapanced anetion peaks, Alan shown in this
flgur« 13 the varyation with thickness ratio of
drag-raerffictient hnsed on surfece aren, Cp, , lor
toth typea nf hody, clearly 1llustrating the
supertority nf the "inow drag' design, alheit at
the espenne af 3 Jower bady-valuma, On the other
band, the "law-drap’ bady has somewhat higher
surt{nna or loral velneritles than those of the
convont innnl ahapa In the region where the winge
of an ajreraft might be mounted, showing the
danger nf aptiml~ing atrepalt components in
1aniating,

A pumhep Af mathnde have baen developed in
UY. frr ralenlaring trankenic flows over hodies,
tneladlae the (ull-potential mathnd of Raker and
Ngie™ Y for axtaymmrtric bodlen and two methods of
2alving tha Fular eqaatinns for the flow over
frrebhniion,

Rakrr's methnd han hanrn ysed"" to calculate
the variatinn ~f dArag with Mach number of
spheriratiy-blunted fnrshodirs pt zero incidence
for Mach numhare gp to the Jimit of va)idity of
the methind,  1s appreximatsly unity. An example
of the rassnnahle pgresmont hetween predictions by
this method of pressure distributions And drag ia
provided by Fig 22, Drag is inCerred from the
raleninticn by the "loea)' method and A small tare
cnrractinn tn aljow for discratisation errors in
the merthad and abkin-Crictton drag ia applisd to
;h- thenry to align prediction snd measurement at

- n7.

Carrespandtng calcnulations of drag by the
firet ~f the Enler methodr"S are also shown in
Fig 22, PRasad en the RAe algorithm for solving
the Fyler equations, thia techninue {s applicsabdle
to axjaymmatric fornabodies?®,  Agaln the predicted
varfatian of drag (by the 'local' method) with
Marh number {n the aubsonie cange {8 in fatr
agrosament with mensyremsnt. This method has been
grneealinad by RAe?® to include forebodies of
yen-ra! shaps at incidence, and a further geners-

Jaatinn han been parformed by Afrcecaft Research

Ansocistinn, (ARA) Amdford“® who have applied thelr

multihinck techniquae to enahle sid=alip to be con-
elderad, Tressure distributions on the upper and
1nawer midea of the body cslenlated by the latter
methnd are compared with messurement for the fore-
boldy nf the NAe llawk at incidence and sideslip
angle ¢ tn Fig 23. No comparisons of drag are
Avallahie but the ngreement hetween cslculsted and
meanured pressure dintribufions s recnonlbl{ good,
auggenting that the methot may be used to cslcu-
Iate the vartatinn »nr drag with Msch number for
rurh shapana,
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Techninues such es the last one have yet to
be combined intersctively with boundary-layer BAe Havk forebedy
esleulation methods to predlct the drag of genersl
dbodiea., Of particular {nterest in this connection
are furnalages with npawept afterbodies.

|
| ntabe
position

3.h  Cowls and nozzles
The accurals ralculation of turbolfan cowl G
drag 18 an important ronsideration in the design )

and the perfarmance prediction of modern transport-
sircraft, To be fully representative, the calcu-
1ation method ahould ximulate the interaction
between the engine, the pylon and the wing. This
eannnt he donn, at present, although progress 1is ot
being made 1n the modelling of complex con- O Ao traes | Coverinent
figuratinna (aectinn 3.5) but, as a preliminary to —-wn'-l]‘*' cote
obtaining snlutjon to the complete problem, two =o- tovw smins
methods have heen programmed for isolated cowls.

Thene methods have a similar function to that of

aerofoll methods in providing 8 simple basis for Hig.2) Upper and lover body pressure dislribvtions,
checking [1ow algorithma. The first method, due BAr Havk forebedy. M+ 00, @ = 177,
to Feaca™? ymes a Direct coupling of a full- LA
potential solut)on of the inviscid flow with the

1ag-entrainment method for the turbulent boundary

laysrs. The secnnd procedure raplaces Feace's

potential-flow scheme by the BAe method for

ROlving the Fuler equatinns?®,

L= rape

TA

Anldsmith"® han made comparisons between
predicticne by these methods and meannrements of
cowl pressurs drag for a numher of HACA-]1 cowls :E*f’
aligned with the frer ~traam, Comparisons for the —
cowl geametry sketclied in Fig 24 are shown in

fmay

fee W85rqpy

Fig 7% where cnwl procagrs-drag cnefficlent is Ao = Slregalybe reaxe.sectionat grea for ypstrram
plottad agatuat the rejative-Tlaw ratio AL /A, a8 T
defined 15y Fig ?h. Fenre's method 1a limjted to
Marh numbars helow abhosut of unity, and in this A = Coul MgMight or taplure ares
' .

Mach-number range 1t gives grod agreement with
meacurement Cor velative—Clow rstlos ahove those
for whtich cowl-11p Aerparatinon orcurs, Por low
rejativa-flow ratine, Lhe agreement {s leass

DL TR BRI B} I YA

]
fage " Frag

ratisfaninry, as mipht he expacted Cnr a method ‘ .
uking a firast-ncider teeatment of the shear layers. Drewt r-‘" I e

¢
The Fualer method has enly heen used for !
caleulatinne at supersonins spesds and so a
discu=sincn of Lheae comparisons is deferred until
sectinn i where methinda for aupersoniec flows are
dincumand,

Fig 74 Cowl geometry and definitions

A number of methnda have
been produced In 1K tn calculate
the drag of afterbndtes with pro- e
pulatve jJetn, findges"? has con-

sideared the rase of an

Axiaymmel ¢l afterbody with a

atngls Jrl and atmulates the o "

extarnal fleow by & panel method, ".""

the fot by thir mrthod nf eharac- -

teriatiecr and (he bhoundary layer an

with the lag-entrajnment method.

Thus the mrthod in restricted to n

unifarmiy-sohannie axternal flows on

and jet flown which are entirely .

suparennir., The snlntions to the )

varions parts of the flowfield are

patehad and smpirical ralationships .|

are uasd tn define the aeparation ml

And reattachment pnints and alnan Bewt

the entralnment in the mizing o

reglon, Comparinons of predictton

by two methoda®", 1urluding n

Hodges' methni), And meaasursments an 6 ne "-S‘"
of 'artor?ndy r;‘ﬂc.'mr: drAf "or.’at ° O _Uuperines!
seriern of nozz)ea, at various Jet-

preagsurs ratfor and for M » 0.6 Pads ::,:'.::,‘:,:',,::!," ® fenedion of coplure ratio and free-

and 0.A  revan| that lodges'
methnd s tn reasonahle agreement
with mearyremsnt far agheritical
sxternal flown,
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Peace®! han developed a method based on solutions of the Buler equations {n both
the external flow and the jet which {8 not restricted to subcritical flows ocutside
the J=t. As iIn Nndges' procedure, the boundary lsyer is calculated by the lag-entrainment
mathod!! nut replares the Direct coupling and empirical separation prediction of Hodges'
technique by an SU coupling. an the other hand, the sntrainment in the jet mixing region
1A dntermined by 2 sfmple empirical correlstion.

& Tagerimen!
F1g 26 alinws plots of afterbody pressure- R T — Paate
drag enefficient agajinat (ree-stream Mach number s
for an afterbody nozzle configuration tested by Loty a

Reubush and RunckelS?,  The predictions by the

mathnd AT Peace are asen to be in good agreemant " L
with meanurement excoapt cloge to M = }, ’ .

3.5  Complex configurations

The requirsment to he able to calenlats [ . e T~ d
trannonic flows arnund complex configurations, 0 07T sy 0 4 n
such as those shown in Fig 57, har 1ed to the
development at ARA, Redford®',S% and at BAe of ¥
multiblonk grid generatinn schemes, m| 4 W6 Pretswre drag conlfiient sqains! B en Revburh
with the N\g thcﬁ"‘qun for "’,‘VU‘G thg"m‘:{’e’: ond Runchel afterbody nerzie contiguration 3
equations, theme mrtlinds haye heen used for the
ecaleulation of the MNow over g wide vartety of
configuratione, an example being glven In
rection li. lHnwever, assessmont nf drag predic-
tions by the method Je atlll at an early sta;e,
and, as noted in aerctinn 2, the production o
spurinue sntrapy by the currepnt generation of
Eulnr solvers maken the accurate detsrmination of
drag 410ficult; nevertheless (t fe& onvisaged that
poxaible appliraticne of the methad in the future
fnetudn:

1) Artermination af the Installed drag of
PYlnnirnwl nAr waspon arrangsments;

(SRR faleglalinn nt trimmed drag of closely-
canplnd coapfignrat tane: and

(111) ralrnlation of drag ~f wing/winglet
romph inat {oge |

L] METHODR FOR THPFRAONTN ATRCRAFT

The atrframe enmponents of supersonic
Sireraflt are gennrally integrated closely and
hance the arrndynamiec Interference between them
can be congiderghle. ronsequently this section is
different from the preceding section in that no
digtinctying 1a made botwean components and the
mathade are cansiderad under aeparate headings in
chronalepfcral arder nf development.

ha Generalised near fleld wave drag program
The Aianavery that methods based on 'area Fig21  Surface grude For & variely ol aincral)
transfar’ poles dn nnt give rellable predictions contigur atians

of zarn-}irt wave drag led Bae (Marton) to produce
A code baeed on A aftmplified panel

mathnd for I{naarfsnd aapersonicr-

Tlow known an the Geperalined Near

Field Wave HMF (THFAD) program®*,

Burfictent crulidences har been

established 1n the acruracy of the

method for a range of military

combat-sircraft ronfiguratione for

tt tn he ysnd in a ro:tlne uay on Esomple 30
project design, An application 1s
11Juntrated in Fig 2R; the design
exercise involved changing the
fuselags genmetry and satimating

drag using the pracedure. The - - Fau
P!r%icular denign alteration ghown g Pty ] Q! ..

in Pig 78 incresaed fusalsge —e
volumr whila radicting 2ern-1ift a2 e . Sty

Arag by 1)S. A ecomhinating of

changsn, mu~h as atralghtening the Ll ereaved Volums by 000 Liirpe
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spine, ua!nt|n§ the fuselage sides, and Increassing centre-fuselage volume, reduced zero
117t deag by 5% and tnereased internal fuselsge volume for fuel system etc hy 400 1ftres.

Although largely suparseded by recent developments in methods for solving the Euler
equations, techniquen such as ONFWD currently retajn an important function in the deeign
of mipersnnic combat-ajrcraft because they sre
(a) economical in terme of computer time and

(b) nimple to ure and tn undarstand.

L Euler/panel program for wing/body configurations

While giving reascnahble prediections for the flow over bodles, pane) methods are not
-atlnractorl for 1irting surfacea, in general. Thue & hydrid procedure has been
programmed hy PAs (Warton) using an Fuler code for the wing and a panel method for the
body53. The method hias been used to predict increments] drags snd pitching moments (from
aurface presgure futrgrationsa) for a combat ajrcraft configuration due to wing camber and
twist, FPig 79 shown that the procedure gives sccurate predictions of the changes between
tuo Aifferant wings nver a relevant range of )ift coefficients.

Trim drag 1= an tmportant consideration In the design of Supersonic Drag Penelties Due to

combat alreraft for bnth subsonic and supersonic Wing Comber and Twist
marneyvres. f'onsequently & varalnn of the hybrid method valuation Procedure
has heey =percificalily developrd at RBAe to estimete the Li'l%e%ﬁw —
variatinn of zero-11ft pitching moment with Mach number. - -
Thir trchnlique has bteen ysed in a design process to 46 ACq Proveturs
reduce the Lrim drag of a comhat alrcraft configuration, o2l - T
yleiding a &% redactton in 1ift-dependent drag at the R P
eritical mubaonule and supnrsonic design pointa. Experiment e e-qe
4.1 Euler methods for forebodies and pitot-intake ¢ 82 € o
cowls
- -0 Experiment
The PAe Fulrr rade For axisymmetric forebodies?® 2C, /
han heepn unnd to ecalrulate the varintion of drag with q<<: - - @ .- -~ 0
Mach mimber at law nupersonic speeds for the forebody of ACu Procedure

Fig 72 at 2ern fncidence, Fig 22 shows that the method
provides a reasnnably fatthful representation of the Fig 29 Incremants Due 1o Wing Cember
variatinan far Marh numhnaprs hetween ] and 1.2, Changes on BAe Wind Tunnel Model

As n~ted in mertion I, calculations have been made of cow) preasure drag by a ver-
fion Al the BAe Fyler cndeds for pitot cowls (Fig 21) et supersonic speeds. Fig 25 showa
that predirfinne hy thie methiad are in good agreement with measurement.

b4 Euler/Multihlock method

Although methnda sucrh as those described 1n section 4.1 and .2 have demonatrated
thelr ymefulness as enginesring tools, Increasing use will de made in the future of
methods auch as the ARA/PAe FEuler/Multiblock code, as noted in section 3.5. The appli-
catinon nf thin method to wing/body configurations representative of supersonic combat
alreraft tr dearrihed and axnessed In Ref 56, In this study, drag is determjned by the
‘loral’ mrthnd and thyn needs to be reﬁorded with caution because of the sensitivity of
the methad tn dircrntisat{nn arrors. study has been mede of the effect on drag of grid
structire and denatty but this was not conclusiveSé. Therefore the sssessment of the
mathod has henn hared majnly upoan comparisons with measuremente of wing pressure distri-
tutieon= and overall fnrces mades on two half models. In order that the comparison is not
Aflfected by ~xtvancrun affectr, auch 8% thexe due to the intersction between the half body
and the stidewnal!l houndary Jayer, averal]l force measurements on the body alone are
subtrarted from thare of the winpg/body configuration at each sngle of incidence and an
snalogous procedure is used 1n
the ealenlation by the CFD
wethod. Cowpnariscns are shown o
In Fig 30 for M~ 1.6 and Tor
one of the wings studied, the
calculated value of dreg cosf-
ficient having heen increased by

Softix varelersle netional
wing-slone toefficients

0.005% ¢tn allow for akin frictien L
(assumed tn be unafferted by wing
incidence, thicknean and eamher). "
The sgreesmant hetween calculation
and meagsuremant §r, on the whnle, (31 ‘
S:Ir’. ml‘:-reneos hqt:oe? ;‘;; N L L
ction and measurament o ] ] ~ -
angles of incidence ahove about 6° ¥ et LA L A LACWR L

can be azxpiatned by the sffecte of

shock-$nduned meparation not aimu- Fig 30 Overshl #11, drag 3nd pitthing mement comparican betveen theery
Inted In the enlenlatinng method, ond erperiment. M r 14 Wing A

The obvious diacrepancies hetween

catenlation ant meanurement of drag

ot Inow JIft s hellayed tn he due mainly to inaccurate predictions of suction near the
Teading-rndgs,
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%5 Hall's multigrid method

Woodward®? haz used Hall's multigrid method?? for solving the Euler equation, pre-
viously mentinned tn sectlion 3.1, to study the wave grag of serofoile with rounded
lendlns—-dg-n at mupersonic free stream speeds. This method is particularly suitable for
studying (lnws of this kind since 1t haan an unusually lsrge number of grid points in the
leading-edge raglon and {s thus able to represent accurstely the strong detached shock and
the rapid spattal changes tn the flow near the leading edge.

Fig 3] tllustrates mome of

the resnlts ohtained by Woodward

for wave drag by the '{ncal' ”'.".;:"" %
method and shows the effect on the . 095
variation of wave drag with 11rt o, - o wucL? 0120

of changing nose radius. At zero o 150
117t an optimum nose radlusx of sec2 f atls

about 138 chard J= ohtalned but,
a8 1ift increases, the nptimum
value becomss smslier, This oL

Tere MY
wave drag

intereating result {1)ustrates (Dwy ot
wel) the ahti)ity of CFD to provide 2ere WA
relativaly rapid asarszmentr of (131 1)

Arag A)ffersncen dun tn changes in
Ahape and the means nf detarm)ping ’
drap Aptimn, LA

[ CONcLaOpBI RENARKS |..l“

This paper has shown that,
while the whelly thanratieal proe-
dirtian of atreralt drag 1o nat
yot prrglihle CFDY mathads axin) In tig 31
HE For denp, I-|~~H"1 fon whifrfy are 9
of sonatderqable yalne 0o the
af't denfgner 10 the follewiong

(] 1% %
Nese radiv

Caltulated varistion of wave drag with lif) for varying
nose - radius aerofoils, M = 11

- scleciion Al the shape of Alrcralt components at the preliminary stages of the
drnnlen;:

- antlyels ol dpap and dlapgnnata of sourcer of uynwanted drag:
= Textrapniatfan’ of wind-tunnel drag data to 'full seals',

Firther vreffusmenta are nesded to numerical methods for solving the Fuler equation
to reduere the asensitivity of drag predinctions hy these methods to grid density. Such
devalopmants would allnaw multihlnek snhemes to be exploited to calculate the drag of
complax confignratinns, and, am such, would b a step in the direction away from the
enrrent depeapndernen an wind-tunnel teats.

UK methads of solving the Reynolds-averaged, Navier-Stokes equation have yet to
mate a aignificant impact as techniques for drag prediction. FPuture developments in this
area depend matnly nn Improvemsnts baing made to the turbulence models used, and the
praspecta of there haing effected In the near term are uncertafn, Thus viscous/inviscid
{ntar-artinn techniquen are expected to continue to feature prominently in UK drag pre-
diettan mathinde for goms time to coma,
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